The aim of this study was to investigate the sensitivity to rapamycin of endometrial cancer cells with different phosphatase and tensin homologue (PTEN) expression to understand the mechanism of resistance to mammalian target of rapamycin (mTOR) inhibitors in the treatment of endometrial cancer.
Background
Endometrial cancers are one of the most common gynecological cancers in many developed countries [1] , which has promoted the importance of early detection and treatment to the general public. The 5-year survival rates are now approximately 90% for patients who are diagnosed at stage I [2] . Endometrial cancers are caused by many risk factors, including diabetes, hypertension, postmenopausal status, infertility (particularly in the presence of polycystic ovarian syndrome), early menarche and late menopause, radiation exposure, a family history of endometrial cancer, and long-term use of estrogens. Moreover, increased life expectancy and a high body mass index may also explain the increased incidence of this disease [3] . Many studies have reported that obesity affects multiple signalling pathways, including those related to endometrial cancers. One of the most representative is the activation of the PI3K/Akt pathway. Severe obesity can highly activate the mammalian target of rapamycin (mTOR), which is downstream of PI3K/Akt [4] .
In terms of clinical, pathological, and molecular features, 2 main categories of endometrial cancer exist. Type I, which is also known as endometrioid adenocarcinoma, is the most common and accounts for about 80% of all endometrial carcinomas [5] . It is usually estrogen-related and is typically a low-grade adenocarcinoma. Type II (serous carcinoma) is not hormone-dependent and is usually considered to be high-grade and more aggressive [6] . Type I patients can generally be treated more effectively and have a more favorable prognosis. Type I and II involve different kinds and degrees of genetic alternations; type I frequently shows microsatellite instability and mutations of the PIK3CA, PIK3R1, K-Ras and b-catenin genes, whereas type II is characterized by p53 mutations and chromosomal instability [7] . In both types, mutations of the PTEN genes may occur and the prevalence in type I and II is 83% and <10%, respectively. Therefore, investigation on the effect of treatment with variable PTEN expression status may assist in the selection of appropriate medication [8] .
The increasing incidence rate of endometrial cancer has attracted intensive research that has mainly focused on the methods of diagnosis and treatment. At present, surgery is still the primary treatment for endometrial cancer, generally comprising a laparotomy, extrafascial total hysterectomy, and bilateral salpingo-oophorectomy. The role of adjuvant therapies, such as radiotherapy and medical therapy, is somewhat controversial [9, 10] . For example, some studies have suggested that post-operative external pelvic irradiation can reduce the loco-regional recurrence rate; however, complication rates were also increased and no significant improvements in the overall survival rates were observed [11, 12] . Some authors have suggested that adjuvant radiotherapy may be more valuable in patients with high-grade disease, but the role of radiotherapy is still debatable [13] .
Medical therapies for endometrial cancers can be categorized as hormonal therapy, chemotherapy, and molecular target therapy. Progestin and anti-estrogens have been used as palliative treatments, mainly for advanced or recurrent endometrial cancer. Some studies have shown that progestin does not improve either the risk of recurrence or the survival rate in patients with early-stage cancer [14] . Chemotherapy, such as a combination of doxorubicin, cisplatin, and paclitaxel, has shown promising responses and survival rates for advanced or recurrent endometrial cancer [15] . However, the toxicity and adverse effects of chemotherapy are still a concern that scientists continually seek to improve [16, 17] .
The unsatisfactory effectiveness and adverse effects obtained from conventional pharmacological treatments have promoted research into the molecular target therapies that are aimed at specific cell targets and pathways in endometrial carcinogenesis. The most widely accepted therapies are the tyrosine kinase inhibitors (TKIs) and mammalian target of rapamycin inhibitors (mTORIs). mTOR is a serine kinase in the phosphatidylinositol-3 kinase family. The mTOR pathway involves various elements that have been shown to be associated with human cancers, such as the PI3K mutation and protein kinase B (AKT) overexpression. The signalling of PI3K and AKT can be deregulated by the overexpression of EGFR [18] , a cell surface receptor that is correlated with endometrial cancer [19] . Therefore, the dysregulation of mTOR signalling could enhance the incidence of cancer and the inhibition of mTOR could reduce carcinogenesis. mTOR inhibitors have been reported to inhibit cell proliferation in various cell lines derived from smallcell lung cancer [20] , breast cancer [21] , pancreatic cancer [22] , and prostate cancer [23] . Rapamycin (also known as sirolimus) is the main mTOR inhibitor and, similar to some of its analogues such as deforolimus, everolimus, and temsirolimus, can affect the downstream pathway and form the complexes mTORC1 and mTORC2 [24] . mTORC1 functions as a sensor to control protein synthesis, whereas mTORC2 is insensitive to rapamycin and functions as a regulator of the cytoskeleton [25] .
Several mTORIs, such as rapamycin and its associated analogues (temsirolimus, deforolimus, and zotarolimus) have shown promising results in the treatment of cancer in both animal and human studies [26] [27] [28] [29] . However, the resistance of these therapeutic agents has caused numerous treatment failures [30] . For example, rapamycin has shown resistance to lung cancer, renal cancer, breast cancer, and endometrial cancer [31] [32] [33] [34] . The details of the mechanism of this resistance remain unknown, but the most recent and significant studies have suggested several of them: the downstream effectors of the PI3K/AKT/mTOR pathway; activation of HIF, PTEN expression; elevated superoxide levels; stimulation of autophagy; immune cell response; and ERK/MAPK, Notch, and Aurora signaling pathways [35] . Studies have also suggested that rapamycin sensitivity is dependent on the degree of PTEN expression on chromosome 10 [36] and the quality of mTORC1 phosphorylation sites [37] . This study used nude mice injected with endometrial cancer cells with different PTEN status to investigate the inhibitory effect of rapamycin.
Material and Methods

Experimental animals
Twenty specific pathogen-free female BALB/c nude mice aged 4-6 weeks with a mean body mass of 16-18 g were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. All animals were handled and cared for in accordance with Chinese national and institutional guidelines under licence number SCXY (Beijing) 2006-2009. The specific pathogen-free barrier systems with a certificate of conformity number SYXK (Guangdong) 2007-0083 were used to rear and maintain all mice. They were examined daily and monitored for weight, physical activity, and signs of distress. The IVIS ® Lumina II animal in-vivo imaging system from Xenogen was used to examine all mice.
Ten nude mice were randomly allocated to the HEC-1A (PTENpositive) cell group and the Ishikawa (PTEN-negative) cell group, and were then evenly subdivided into the treatment and control groups. All mice in the treatment groups were injected intraperitoneally once a week with 15 mg/kg rapamycin (LC Laboratories ® , USA) for 4 consecutive weeks. The control groups were injected once a week with phosphate buffer saline (PBS) for 4 consecutive weeks.
The single-cell suspensions were prepared using 0.25% of trypsin digestion on the stable Ishikawa and HEC-1A cells at the logarithmic growth phase. Subcutaneous injections of 0.2 mL (3×10 7 cells/mL) of the suspensions were made into the right hip of the mice. Drug treatments began when the diameter of the transplanted tumor reached 0.5 cm. The mice were placed in the imaging system for in-vivo observation 2 weeks before and 1 week after the drug treatment. Tumor volume (V) was measured and calculated weekly by the equation:
where a and b are the long-and short-axis diameter, respectively. The mice were killed after 1 week of drug treatment and the tumor mass, growth curves, and inhibition rate (I,%) were then calculated by: 
Cell culture and transfection
The human endometrial carcinoma cell lines HEC-1A and Ishikawa were obtained from the Third Affiliated Sun Yat-sen University Hospital of Gynecology. The cells were grown in DMEM culture medium (Gibco ® , Life Technologies™, USA) supplemented with 10% fetal bovine serum (Thermo Scientific™ HyClone™, USA), 100 IU/mL penicillin, and 100 μg/mL streptomycin at 37°C in a humidified atmosphere with 5% carbon dioxide.
Ishikawa and HEC-1A cells in good condition at the logarithmic growth phase were selected. The cells were seeded in 6-well plates at 5×10 4 /well for 1 day before the experiment. Infection of the virus particles with green fluorescent protein-lentiviral vector (GeneChem ® , China) was performed at a cell fusion rate of 30-50% with a complex infection index (multiplicity of infection, MOI) of 50. Polybrene was added to the medium until a final concentration of 5 μg/mL was reached. Fresh medium was replaced every 8~12 h and fluorescence expression was observed after 3~4 days of infection.
Green fluorescent protein (GFP) was used for imaging the endometrial tumors of the nude mice. GFP is one of the most commonly used fluorescent proteins and the fluorescence reaction does not require any additional substrates or cofactors; green fluorescence is emitted after blue light excitation and no damage to growing cells or tissues occurs [38] .
Histopathological analysis
All harvested tumor tissues were fixed in formalin and embedded in paraffin for standard hematoxylin and eosin analysis.
Statistical analysis
Data are presented as the mean ± the standard deviation (SD). SPSS 11.5 was used for statistical analysis using the Student's t test assuming equal variance. A 2-tailed test was used to calculate the P value, which was considered to be statistically significant when less than 0.05.
Results
Fluorescence microscopic observation of transfected GFPendometrial cancer cell lines
The fluorescence of the transfected GFP-HEC-1A and Ishikawa cells was distributed uniformly over the entire cell, with strong fluorescent signal intensity. The transfection efficiency was close to 100% ( Figure 1A, 1B) .
Inhibitory effect of rapamycin on HEC-1A and Ishikawa cells in nude mice
The tumor growth rate was slower in the treatment group than in the control group of mice that were transplanted with HEC-1A cells. The differences in tumor volume were statistically significant after 3 doses of rapamycin (P<0.05; Figure 2 ). The treatment and control groups had a mean tumour volume of (0.40±0.09) g and (0.77±0.19) g, respectively. The inhibition rate was 48.1%.
In the nude mice injected with Ishikawa cells, the tumor growth was slower in the treatment group than in the control group. The differences in tumor volume were statistically significant after 2 doses of rapamycin (P<0.05; Figure 3 ). The treatment and control groups had a mean tumor volume of (0.24±0.10) g and (0.73±0.24) g, respectively (p<0.01). The inhibition rate was 67.1%, and was higher than that of the HEC-1A cell group.
Tumor growth of nude mice before and after transplantation of endometrial cancer cells
Tumor growth was observed using the IVIS ® Lumina II in-vivo imaging system. Stable expression of the GFP was detected in the nude mice 7 days after transplantation, but a vernier calliper could not be used for accurate measurement. The tumor volume in all groups was increased 6 weeks after the inoculation of cells. The fluorescence intensity of the 2 control groups had increased significantly, indicating that the tumor size had also increased significantly. In contrast, the fluorescence intensity of both treatment groups had decreased significantly. The intensity in the Ishikawa cell group was significantly lower than that in the HEC-1A cell group, and the intensity in the center of the Ishikawa cell tumor appeared weakened, indicating that tumor tissue necrosis had begun in this area (Figure 4 ).
Effect of rapamycin on the organizational structure of endometrial cancer cells with different PTEN expression
The layer distribution of tumor tissue in the histopathological analysis helped to visualize the PBS group of HEC-1A and Ishikawa cells. For both types of cell, cell nuclear atypia, nuclear membrane thickening, coarse nuclear chromatin, prominent nucleoli, and comparatively less tumor necrosis were observed. In the treatment groups, inflammatory cell infiltration, tumor cell nucleus fragmentation and disappearance, enhanced eosinophilic cytoplasm, and large areas of tumor necrosis were observed.
Discussion
Endometrial cancer is one of the most common female genital tract malignancies, and affects around 81 500 women, mainly those over 50 years of age, every year in the European Union [2] . Loss or mutation of the PTEN gene is common in endometrial carcinoma, occurring in 60-80% of cases, which is a much higher rate than that seen in other common gynecological malignancies [39] . This loss of PTEN function by mutational mechanisms mostly occurs at the onset of endometrial tumorigenesis. Some studies have therefore suggested using this information as a diagnostic marker for early endometrial precancers [40, 41] . In general, PTEN operates as a tumor suppressor gene, and prevents cells from growing and dividing too rapidly. Therefore, it is reasonable to hypothesize that PTEN expression can influence the development of endometrial cancers.
In different types of cancer, the degree of PTEN expression is associated with metastatic behavior and can affect treatment outcomes. For example, the loss of PTEN in breast cancer has been shown to be associated with disease-related death and lymph node metastasis, but not to tumor grade or disease recurrence [42] . The loss of PTEN expression was also associated with non-responsiveness to treatment with cetuximab in metastatic colorectal cancer patients, and the authors of the study suggested that PTEN expression may predict the efficacy of certain drug treatments for colorectal cancer [43] . Furthermore, a recent study suggested that the level of PTEN expression affects the sensitivity of poly-ADP ribose polymerase (PARP) inhibitors in the treatment of endometrioid endometrial adenocarcinomas [44] . However, the role of PTEN alterations and the associated outcome of treatment with one of the most important molecular target therapies, mTOR, in endometrial carcinoma are not well established. Here, we found that rapamycin has an advanced inhibitory effect on PTEN-negative cancer in nude mice.
Rapamycin was the first mTOR inhibitor to demonstrate anti-tumor activity. Clinical trials showed an acceptable level of effectiveness of rapamycin and its analogues (rapalogues) in the treatment of endometrial cancer, breast cancer, pancreatic cancer and hematological tumors [45] . However, resistance is becoming a growing concern. This study found that the sensitivity of rapamycin differs in PTEN-positive HEC-1A cells and PTEN-negative Ishikawa cells. The tumor volume of nude mice injected with the Ishikawa cells was reduced after the second dose of rapamycin and the inhibition rate after 4 doses was 67.1%. In contrast, the tumor volume of nude mice injected with HEC-1A cells was reduced after the third dose of rapamycin and the inhibition rate after 4 doses was 48.1%. These results indicate that rapamycin can significantly inhibit both PTEN-positive HEC-1A and PTEN-negative Ishikawa tumor cells, and that the effect on the latter was more significant ( Figure 4 ).
Studies have shown PTEN expression can affect the sensitivity of signal transduction inhibitors that target the PI3K/AKT/mTOR pathway in endometrial carcinoma cells [46] . This may be caused by the PTEN-negative regulation of AKT and phosphor-mTOR.
It has also been shown that PTEN can counteract the activity of the PI3K/AKT/mTOR pathway and that the loss of PTEN can activate the PI3K/AKT/mTOR pathway. Therefore, with the loss of PTEN, pharmacological inhibitors of this pathway may further mimic the effects that are rescued by the restoration of PTEN [36] . This may explain the mechanism of the enhanced inhibitory effect of rapamycin in PTEN-negative tumor cells compared with its effect in PTEN-positive cells.
Conclusions
The results of this study clearly show that rapamycin has an enhanced inhibitory effect in PTEN-negative tumour cells in nude mice. We propose that the level of PTEN expression may affect the clinical response to rapamycin and possibly other mTOR inhibitors. This effect should be considered during the selection of drug treatments for endometrial cancer patients.
Results of this study also help to explain the reduced effect of rapalogues in some patients with endometrial cancer and to understand the mechanism of this drug resistance.
